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INTRODUCTION
The main problem associated with solid adsorbents used in adsorption refrigeration or heat pump systems is their low thermal conductivity. During a refrigeration cycle, the adsorbent has to be heated (desorbing refrigerant) and cooled (adsorbing refrigerant) in order to complete a thermodynamic cycle. The aim of the sorption system development is to achieve a low capital cost by reducing the sorption generator size and reducing cycle time. In order to achieve this, high rates of heat and mass transfer in and out of the adsorbent are critical. To improve the heat transfer and as a consequence, the sorption process of the adsorbent, it is important to increase its thermal conductivity and reduce its thermal contact resistance with the walls of the heat exchanger without increasing the thermal capacity of the generator or reducing its mass transfer.
The solid adsorbent studied in this paper is activated carbon and it is mainly utilised with adsorbates such as ammonia or methanol [1] . Experimental tests show that beds of granular active carbon with ammonia have a typical density of 500 kg/m 3 and thermal conductivity value of 0.165 W/(mK) (with minor changes due to concentration). This value contrasts with the individual carbon grains' thermal conductivity, at least five times higher, 0.85 W/(mK), depending on the adsorbate concentration [2] .
Active carbon is the chosen adsorption material studied here since it has the advantages of having a stable adsorption performance, a high mass transfer performance, is totally non- Many approaches have been developed to improve the global heat transfer within the solid adsorbent. Among them is the use of binders or coating materials [3] , impact compression [4] and the use of graphite, metallic foams (copper, nickel) [5] or fins [3] .
The problem with all these techniques is that the carbon requires high levels of compression and in some sorption generators geometries it is not physically possible to compress it.
In this paper the thermal conductivity and wall thermal resistance of different vibrated binary mixtures of active carbon grains and powder have been studied and tested using both steady and transient techniques with different wall geometries. The aim is to confirm if both techniques obtain the same results and identify for different binary mixtures and different densities how the wall contact resistance affects the effective thermal conductivity of the samples. Some samples have also been mechanically compressed to study if the compression is critical to improve the thermal properties of the adsorbent.
EXPERIMENTAL SET UP DESCRIPTION
In order to measure the thermal conductivity and thermal resistance of the carbon two different methods were used: a steady state method that measures thermal conductivity between flat plates and a transient method that uses a hot tube technique.
Steady State Flat Plate Measurement
The effective thermal conductivity of the carbon samples were measured following the The effective thermal conductivity of the sample is calculated using the following equation:
( 1) where k is the effective thermal conductivity (W/(mK)), t is the sample thickness (m) and R th is the sample thermal resistance (m 2 K/W) that can be obtained from:
where T u and T l a are the surface temperatures of the upper and lower plate respectively (K), T h is the heat sink temperature (K), Q is the thermal flux through the test sample (W/m 2 ), R th,int is the total interfacial thermal resistance between the sample and the surface plates (m 2 K/W), F is the reference thermal resistance (m 2 K/W), ΔT s is the temperature difference across the sample (K) and ΔT r is the temperature difference across the referenced calorimeter (K).
Before measuring the thermal conductivity of the samples, the Anter Quickline-10 TM machine must be calibrated in their range of thermal resistance, so that the values R th,int and F of Equation (2) Because the carbon samples that were going to be measured had a square cross section, four square blocks of PEEK of 50.8 mm side and different thicknesses, 2.5 mm, 5 mm, 10 mm and 20 mm respectively were manufactured. The thinner block was measured (in between with two blocks of a high thermal conductivity metal that transform the upper and lower round surface plates of the machine into square ones) and according to the previous Vespel TM calibration it had a conductivity of 0.29 W/(mK). Knowing the thermal conductivity and the thicknesses of the PEEK blocks the calibration line was obtained and it is shown in Figure 2 .
The values of F and R th,int were calculated as 0.0026 K/W and 0.0001 K/W respectively.
During the process of calibration and measuring samples the Anter Quickline-10 TM machine has to be set and operate at the same boundary temperatures. In this case the machine is set to a high temperature of 55°C and a low temperature of 10°C.
The carbon samples thermal conductivities were measured using a square cross-section sample holder shown in Figure 3 that consists of two blocks of 50.8 mm x 50.8 mm x 10 mm made of a high thermal conductivity metal and four walls made of a low thermal conductivity polymer all linked with 24 bolts. With one of the walls removed, the carbon was placed inside the holder, creating a 5 mm block thickness sample, and could be compressed by hand using a suitable plunger. In this way the density of the sample could be better controlled. Once the compression process is finished the wall is placed back in the holder and the complete assembly is placed between the upper and lower plate of the Anter Quickline-10 TM machine. The experiment could take up to 3 h to run, depending on the sample thermal conductivity and thickness.
The two high thermal conductivity metal blocks were made of aluminium which has a conductivity of 237 W/(mK), three orders of magnitude higher than the carbon samples. The high conductivity of these blocks helps to transform the upper and lower surface plate of 50.8 mm diameter into square cross-section surfaces of 50.8 mm side necessary in order to measure square carbon samples.
To obtain the thermal conductivity of the carbon mixtures, measurements of the T u , T l
and T h shown in the Anter Quickline-10 TM machine display were taken for each sample. In order to have more confidence with the tests done with the square flat plate holder, the assembly of aluminium blocks and carbon was drawn in SolidWorks TM and the steady state heat transfer software package within SolidWorks TM was used to simulate each result. The boundary conditions used in each simulation were the upper and lower temperature obtained from the Quickline-10 TM machine applied in a circle of 50.8 mm diameter at each side of the sample holder, the rest of the surfaces that during the experiment were in contact with air were treated as adiabatic and the contact between the carbon and the aluminium was treated as a bond. The simulations show that there is a very low discrepancy, up to 3% in the effective thermal conductivity value.
Steady State Experiments Accuracy
The thermal conductivity of the samples is measured with the Anter Quickline-10 TM machine with a global error that can vary between ±3% and ±8%, depending on the thermal resistance of the sample. The accuracy improves when the ratio between R th,int and R s is small.
In order to obtain the accuracy of the thermal resistance readings it must be taken into account that the Anter Quickline-10 TM machine software converts the voltage measured by the three thermistors in the upper plate, lower plate and heat sink to temperature at a constant 7.045°C/V rate. The resolution of the voltage meter is 1 mV so the temperature resolution is 0.007°C. Calculating the reading error with typical values of the carbon samples it is possible to obtain a thermal resistance reading error of 0.179%.
Transient Hot Tube Measurement
The transient hot wire (or in this case, hot tube) technique is a well developed and widely used technique for measurements of thermal conductivity of fluids and solids [7, 8] . It consists of a tube of a resistive element immersed in the liquid or solid sample and the experiment is simply performed by recording the voltage change over the source/sensor element while its temperature is raised by an electrical current. The source element in this case is a stainless steel tube extracted from one of the sorption generators used for heat pumping purposes.
The temperature of the hot tube will depend on the electrical properties of the conducting material used and vice versa. The governing equation of the tube resistance, R, is: 
where ρ 0 is the electrical resistivity of the stainless steel tube at the initial temperature (Ωm), l is the length of the hot tube (m) and A is the cross section area of the hot tube (m 2 ).
When using the hot tube technique it is important to be aware of the influence from the outside of the sample boundaries. According to the hot tube theory it is assumed that the testing sample is infinitely large, is at an initial constant temperature and has no influence from the outside sample surfaces. The hot tube is located in the x axis inside this infinite solid that has an 
To run this experiment with active carbon the heating wire and temperature sensor had to be encapsulated or insulated from the testing material as the active carbon is an electrical conductor. In this case the RS 199-1480 varnish was applied by dipping on the surface of the tube.
The transient hot tube measurement was carried out using two different sample holders: -The first one comprises a plastic measurement cylinder (40 mm diameter and 300 mm height) with a 100 mm hot tube place in its axis. This sample holder was used to measure thermal conductivities and thermal resistances of vibrated carbon samples.
The second one comprises a metallic box (75 mm depth, 150 mm height and 300 mm length) with a 240 mm hot tube placed in longitudinally. This sample holder was used to measure thermal conductivities and thermal resistances of mechanically compressed carbon samples.
For the chosen experiment time (60 s) the heated wave in the carbon never breaks through the boundaries of the samples, otherwise a shorter experiment time should be chosen.
In all the experiments the applied current in the tube was 3 A and the environmental conditions were 20 °C and atmospheric pressure.
Accuracy of the experiments
The SourceMeter TM unit has detailed information in its manuals about the accuracy of the reading for different currents sources and voltage measurements. The applied current for all the experiments was 3 A with a source resolution of 500 nA, the measured voltages vary from 0.37 to 0.89 V with a measurement resolution of 10 μV and the sampling time was 0.2 s. The current source accuracy is: ( ) ; the voltage measurement accuracy is:
Operating with the known experimental values it is possible to obtain the accuracy of the measured resistances. In the case of the short hot tube (100 mm) the accuracy is: . For the long hot tube (240 mm) the accuracy is:
.
Active Carbon Specifications
The granular carbon and the carbon powder used in the experiments were supplied by Chemviron Carbon Ltd., both being type 208C based on coconut shell precursor.
Carbon specifications: The thermal conductivity and thermal resistance of the previous two carbon grades were measured on their own and then three binary mixtures of 66.7% grains -33.3% powder, 50.0% grains -50.0% powder and lastly 33.3% grains -66.7% powder (by weight) were measured.
Before conducting a test the carbon must be dried to eliminate the moisture that could be adsorbed from the surrounding air. It is sufficient to leave the carbon for 30 min at 150 °C in a furnace. where h is the heat transfer coefficient of the air layer that surrounds the hot tube (W/(m 2 K)) and λ is the intrinsic thermal conductivity of the surrounding carbon (W/(mK)).
TRANSIENT HOT TUBE MATHEMATICAL MODELLING
When modelling the experiment in this way, with a heat transfer coefficient and an intrinsic thermal conductivity, the simulation produces more accurate results and makes possible to investigate the effect of the wall contact resistance between the different samples and the tube.
The air heat transfer coefficient is defined by the Equation (6). (6) where k air is the air thermal conductivity (W/(mK)) and t is the air layer thickness that surrounds the hot tube (m).
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The stainless steel tube used in the experiments has an outer diameter of 1.2 mm and an inner diameter of 0.8 mm, and the thickness of the varnish layer is 0.05 mm.
The following Before starting the hot tube experiments the R el,0 of the tube should be measured. In order to do that, a low electrical current, 10 mA, was applied to the tube and the resistance value was measured to be 1.1982 Ω/m. The resistance temperature coefficient of the stainless steel, α, found from the literature is 0.00112 Ω/K [9] .
As the thermal conductivity of the air depends on the temperature and ambient pressure, the value used in the simulations is 0.0321 W/(mK) that corresponds to a temperature of 40 °C (313 K), an average of the tube temperature during the experiments and to atmospheric pressure [12] .
The specific heat capacity of the carbon at constant pressure (J/(kgK)) is found to be a function of its temperature in Kelvin and it is defined in Equation (7) [13] .
RESULTS AND DISCUSSION
As in the steady state flat plates experiments only the effective thermal conductivity of the samples was obtained, to be able to compare it with the intrinsic thermal conductivity measured from the transient hot tube experiments, they should be transformed into intrinsic thermal conductivities. This could be done by applying the correspondent heat transfer coefficient of the hot tube tests (for each type of mixture and density) to the Anter Quickline-10 TM results using the Equation (8). (8) where t is its carbon sample thickness (m), k is the effective thermal conductivity (W/(mK)) and h is the heat transfer coefficient of the air layer (W/(m 2 K)) that surrounds the hot tube that in this case would correspond to a wall contact resistance of the upper and lower surfaces of the square carbon sample.
Once the intrinsic thermal conductivities of both flat plates and hot tube experiments are known they could be compared in Figure 6 . The intrinsic thermal conductivities of different mixtures, grains and powder, from both experiments are plotted against their density and it can be seen that both follow the same trend, higher thermal conductivities at higher densities, and that both techniques produce practically the same results.
In Figure 7 the intrinsic thermal conductivities obtained from the transient hot tube experiments are plotted for the different grains and powder mixtures, 100% grains, 66.7% grains -33.3% powder, 50% grins -50% powder, 33.3% grains -66.7% powder and 100% powder.
The highest thermal conductivities correspond to the binary mixtures of grains and powder that as well show the highest densities. The 20x40 grains and powder samples on their own show a poor thermal conductivity performance.
In Figure 8 the contact air layer thickness of every sample mixture is plotted against its density. The trend that can be observed is that for each sample the higher the density the thinner the air contact layer.
COMPARISON WITH THEORETICAL MODELS
In order to have more confidence with the results obtained in the tests, these were compared with different theoretical models of thermal conductivity for porous beds.
The first model studied is the geometric mean model that assumes a random distribution of phases. The thermal conductivity of the bed is given by the weighted geometric mean of the conductivities of the carbon grains and the air:
where k grain is the thermal conductivity of a piece of active carbon (0.85 W/(mK)), k air is the thermal conductivity of the air (0.0321 W/(mK)) and ε is the porosity of the bed (depends on the sample density).
The second model is the Krupiczka model [14] that consists of an approximated general correlation based on the porosity of the bed, ε.
where and .
The third model corresponds to the Woodside and Messmer model [15] . It combines both series and parallel heat transfer distribution (layers of carbon and air perpendicular or parallel to the heat flux) and electrical conductivity analogy.
where , and .
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The fourth and last model studied corresponds to the Zehner and Schlunder model [16] which assumes point contacts between spherical particles in one dimension heat flow.
where and ( )
The theoretical values obtained were plotted along with the flat plates and hot tube test results for the non-binary samples, the 100% 20x40 grains and the 100% powder. Only nonbinary samples were compared because they present a more homogenous size distribution than the mixtures of grains and powder.
From Figure 9 can be observed that the Krupiczka model is the one that fits better with the 100% 20x40 grains sample. In Figure 10 the models that fit better the 100% powder sample are the Geometric mean and the Zehner and Schlunder [16] one. The other models compared predict thermal conductivities higher of lower that the tests.
The differences between experimental and theoretical values could be due to the fact that the carbon particles shapes are very irregular in contrast to the spherical particles of the models. As well, regarding the size distribution of the samples, even though they are not a grainpowder mixture, they do present a size variation (see Active Carbon Specifications section). More experiments with higher densities will be conducted to obtain a complete map of wall contact resistances and achieve a better understanding of the interaction of the bulk thermal conductivity with the geometry of the wall. 
CONCLUSIONS
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